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TECHNICAL NOTE LoL§

A COMPARATIVE ANALYSIS OF THE PERFORMANCE OF
LONG~RANGE HYPERVELOCITY VERICIESY

By Alfred J. Eggers, Jr., H, Julian Allen,
and Stanford E. Nelce

oy e e R i3 [REEN. JE

SUFMARY

Long-range hyperveloeity vehfcles are studied in terms of thelr
motion in powered flight, and their motion and aerodynamic heating in
unpowered flight. Powered flight is analyzed foc ean idealized propulsion
.system which ratheér closely spproaches present-iday rocket motors, Unpow-
ered fi%ght is charscterized by e return to earth alcng a vallistic, skip,
or glide trajectary. Only those trajectories are treated which yield the
maximum range Jor a given velocity at the =2nd of powered flight. Aero-
dynamie heating is treated in 2 manner sizilar to that emplojed Ereviously
by the senior authors in studying bnllistic missiles (NACA TN LokT),
with the exception that radisnt as well as convective heat transfer is
considered in connectior with glide and skip vehicles,

-

The ballistic vehicle is found to be the least efricient of the
several types studied in the sense that it generally requires the highest
velocity at the end of powered f£light in order to attain & given range,
This disadvantage may be offset, however, by reducing convective heat
transfer to the re-entry body through the sriifice of increasing pressure
drag in relation to friction drag - that is, by using a blunt body, Thus
the xinetic energ: required by the vehicle at the end of powered flight
may be reduced by minimizing the mass of coolant material involved.

- —

Vo a1 g A e ¢ GO BAISET  § SR o 0 e LA

. The glide wehicle developing 1ift-drag ratios in the neighborhdod

' - of end greater than L is far superior to the ballistic vehicle in ability
’ to convert velociiy inte range., It _has the disadvantage of having far
more heat conveci-d to it; however, it has the c.mpensating advantage
thet this beat can in the main be radisted back to the atmosphere. Con~
sequently, the m&ass of coolant material may be kept relatively low.

e TS

— ———— —— i ot =

found .. L¢ superior to comparsble ballistic and glide vehicles i:. con-
H verting velocity into range. At lift-drsig ratlos below 1 it is foend to
: be abcut equal to:coxparable tallistic vehicles while at lift-lrag ratios

' The skip vehnicle developing lift-drag ratios from about 1 to L is
1
£

ILupersedes LAXCA BM ASYLIO by Alfred J. Bggers, Jr,, E. Julien Alier,
std Stanford E, Mrice, 1955,
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ahove 4 it 1s sbout equal to comparsble glide vehicles. The skiip vehicle
experiences extremely large loads, however, and it encounters most severe
aerodynamic heating. .

As a final performance consideration, it i1s shown that o the basis
of equal retlos of mass at take-off to maes at the end of powered flight,
ihe hypervelocity vehicle compares favorably with the supersonfie airplane
for ranges in the neighborhood of and greater then one half the elrcure
ference of the earth. In the light of this and previous findirmzs, it is
concluded that the bellistic and glide vehicles have, in additfom to the
advantages usually ascribed to great speed, the attractive poszibility of
providing relatively efficilent long~range flight.

Desigrn aspects of the glide vehicle are touched on briefly. It is
argued from considerations of motion and heating that vehicles of this
type which fly at hypersonic speeds to impact with the earth's gurface
might profitebly consist of vlunt-nosed bodfes of revolution tebilized
by a conical flare at the base and contrelled by deflectable seziions of
the afterbody. 1In the event that wings are necessary to provide accept-
able low-speed characteristics, it is indicated that they should have
highly swept, rounded leading edgss in order to alleviate the local
heating problem with minimum drag penalty.

INTRODUCTION

It 1s generally recognized that hypervelocity vehlcles are especially
suited for military application because of the great difficulty of defend-
ing against them. It is also possible thet for long-range operation,
hypervelocity vehicles may not be overly extravagant in cost. A satellite
vehicle, for example, can attain arbitrarily long range with a £inite
speed and hence finite energy input. E. Sanger was among the f-Lrst to
recognize this favorable connection between speed and range (ref. 1) and
was, with Bredt, perhaps the first to exploit the speed factor fm design-
ing a long-range bomber {ref. 2). This design envisioned a rociet-boost
vehicle attaining hypervelocity speeds at burnout and returning $0 earth
along a combined skip-gllide trajectory. Considerable attention was given’
to the propulsion and motion analysis; however, little attentics was given
to what is now consldered to be a principal problem associated with any
type of hypersonic aircraft, namely that of serodynsmic heating. In
addition, the category of expendable vehicles, perhaps best charscterized
by the ballistic missile, was not treated.

Since the work of Sanger and Bredt there have been, of course, many
treatoents of long-range hyperveloeity wvehicl:s ip which the prigaision,
moticn, and keating problems have bern studiei in consjiderable detall.
However, these analyses ho o beop devoted in che main to partisulsr designe
«pd are not intended to reveal, for exampie, the relative sdvenxzages and

SR kg St e o P b -
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disadvantaeges % tallistic-, skip~, znd glide-type vehlcles.
it eppears thet the extent to which these vehicles can compete on a simple
efficiency basis with lower speed aircraft of either the expendable or

nonexpendsble type has not been well established.

WACA TN Lo4k6

Furthermore,

It hee therefore been underisken in the present report to make 2

comparative analysis of the performance of hypervelocity vehicles having

ballistic, skip, and glide trajectories.
whose performanze is rather closely approached by present-day rocket

motors, is assumed.
the most part, cnly optimum trajectories yielding the maximum range for
a given initlal kinetlc energy per unit mess in the unpowered partion of
flight.

employed by the senior authors in studying ballistic missiles (ref. 3)
with tkhe exception that radiant heat transfer, as well as convective heat

An idesllized propulsion systenm,

The motion analysis is simplified by treating, for
Aerodynamic heating i{s treated in a manner analogous to that

transfer, is cunsidered in the treatment of glide and skip vehicles. The
efficiencies of these vehicles are compared with supersonic aircraft with

typical air-bresthing pover plants,

ARALYSIS

General Considerstions

In the following analysis of long-range hypervelocity vehicles, only
flight in planes econtalning the great circle arc betwsen take-off and
landing is considered. The flight is thought of in two phases: (a) the
powered phase in which sufficient kinetic energy, as well as control, is
imparted to the vehicle to bring it to a préseribed velocity, orientation,
and position i space; and (b) the unpowered phase, in which the vehicle
travels to its destination under the influence of gravity and aerocdynamic

forces.

The analyses of motion and serodynamic heating during unpowered flight
will, of necessity, differ widely for the several types of vehicles under
consideration. On the other hand, motion in the powered phase is con-

veniently treated by a method common to all vehicles.
flight end its relaticn to range is therefore tawen as = starting point
in the enalysis. The mathematical symbols employed in the analysis are

listed in Appendix A.

Powered Flight anl the Breguet Range Equation

In this part of -the stwdy, the following =implifying assunptions are

made: (&) mercoynamlc heating cen be neglected on the premise that high

The study of powered

" m e e
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Tlight speeds are mct atéained until the vehicle is in the rerefied upper
atzosphere;2 (b) ex2icient stability and control is available to provide
proper orientatice and positioning of the vehicle in space; (c) the dis- x -
tance traveled whfle under power is negligible by compariscn to the over-

2ll range; ané £i-=311y, {d) the thrust is very large compared to the

retarding aeroiynzxic and gravity forces. In terms of present-day power

plants, the lact azszption is tantemount to assuming a rocket drive for
the vehicle.

The veloeity =t burmout of the first stage of a multistage rocket
{(or the final velscity of a single-gstage rocket) can then be expressed

as (see, e.g., ret. ¥):
&l my
- 5 n (522) @

vhere the iritisl welocity is taken as zero., In this expression, mg and
mp, represent the mass of the vehicle at the beginning and ending of
first-stage fligkt, sl ¥r, = V¢ /Vg vhere Vg = Jgrp = 25,930 feet
per second is the sztellite ve.loeit.y at the surface of the earth, The
coefficient g 1= the acceleration due to gravity and is, along with
the specific irpulse I, considered constant in this phase of the anal-
ysis. The final veloeliy of the vehicle at the end of the N stages of
powered flight can e erpressed as

g [@E @) e

where the initial mess of eny given stage differs from the final mass of
the previous stage Ty the smount of structure, ete., jettisoned.

Wow let us dS=Tfi-= an equivalent single-stage rocket having the sane

Anitial and firal w=zs 2z the N-sisge rocket apl ithe same initial and £inal

velceity. There fx, then, an effective specific impulse defined by

2This a.ssu::;t_:a:. 1% in the rain persdssible. & peorsible wxzoptism
occurs, however, with = glide vehicle for w! ich heat~transfer rates

near the end of pcws, :a flight cea te comparaule t: thoce experienced in
anpowered glidicg £2100 ;
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where R 1s flight rangz= meesc—ed along the surface of the earth,
Similarly, we may define &n “eifzctive 1ift"” Le, equal to the finel
weight of j;he vehicle

oy
uaswin Maam w s easnst

Le = Wpg = 1pg ’ :

4 ' from which it follows that equation (5) may be written as '
1 i V.2 . :
| | -6. % ® -
F ] . where (L/D)e is termed the "effective 1Lift-drag ratio,” Combining :
equations (h? and {6), we obtain ) ) !
3 k9 oi ; ;
i - @ zevan (&) ®
F .
- where
v
Te =4 (8)

mnd represents an "effextive™ Ilight velocity of the vehicle, Equa-
tion (7) will prove useSl in esmmparing hypersonic vehicles with cunven=
E . tional aircraft because of its smalogy to the Breguei resnge equation,

; i, ' . =— v ln( ) (9)

It will elso prove usefc=} to bare equation {7) in the dimensionless form
1 cbtained by dividing through with T, the radius of the earth. In this
case we have

4 . .

; & =om = ()ve (gIe)ln< ) (10)

{ .

3 vhere ¢ 1is the range im radiazs of arc traversed along the surface of the
the eerth.

ey
P 3 A
.
- e N Raeshan bian g
’

b bl e o e

™
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M:iion ir Unpowered Flight

Ballistic trejec==ro,.- In stredying the motion uf long-renge vehicles -
in this trajectory, &i&atag® s taken o the fact that the traverse
through the carth!s stzyspr~rz gencrall; ferms only e. small part of thoe
total trajectory. TheseTore, ke defle.tion and deceleration encourtered
in the re-entry vhase ka.-.scuse-d in deteil in ref, 3) are neglected in .

1
g
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the computstion of the total range and rotation of the earth f£s meglected

in this and =11 other phases of the amalysis, With the added simplifice~ N {

tion that tfe contribution to range of the powered phase of flight is '

negligibie, Tne ballistic trajectory becomes one of Kepler?ls pianetary

ellipses, the rajor axis of which bisects the total angle of sxc &

traveled sarcuxd the earth (see sketch), For the trajectories of interest :
: here (Vy<1}, tte far focus of the ellipse is at the mass center of the :

z earth. For parpcses of rdnge computation, then, the ballistic wehicle

lesves and retirns to the earth's surfzce at the same absolute magnitude

of velocity zsd incidence (see sketch). .

=
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Farth's surface
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The expression for range follows gasily from the equation of the
ellipse (see, €.Z., ref. 5) and can be written

sin @pcos 6
T 1
) \F.z - cos®0s

where the anzle of incidence 6Op 1is considered positive, In crder to
determine the optimum trajectory givirg meximum range for a giren velocity
Ve, equatiom {11} is differgntiated with respect to 6f end equutcd to
0, yielding :

it ety A e i 2 (ol et (M b

2

. =2 Ve _ 2
Vf '=—v-—2‘-1-t&n9f
: S (12)
R ,
Q=-.r—°-==‘-u3f . . o

Wiy
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Equatisoms (11) end (12) have been employed to determine velocity as 8

functfcn of incidence for various valuee of ransge and the results are

preserted in figure 1. The “minimum veloeity 1ine™ of figure 1 cor- ‘ -
responis to the optimum trajectortes (egs. (12)).

Tvs effective 1ift-drag ratios can easily be caleulated for optimum v
ballistic vehlcles using eguation (£} 1n spmbination with the information
of figw—e 1. The required values of (L/D)e as a function of range are
presented in figure 2,

A ——

Stto trajectory.- This trajectory cenm be thought of as & succession
of ta_-istiz trajectories, each ecnnected to the next by a “"skipping
phase™ &uring which the vehicle ehters the stmosphere, negotiates a turn,
and is then ejected from the atmosphere. The motion analysis for the i
bvallistic missiie can, of course, h» applied to the bellistic phases of
the siz=p trajectory. It remains, then, €o enalyze the skipping phases
end to cowbine this snalysis with the ba¥listic analysis to determine
over-ali range.

s o m

Te this end, consider a vehicla in the process of executing a skip :
from tre atmosphere {see sketch),

+ .

/ |

fe ’ :

V\en L /Vex i

~ e [ . Outer reach of '
St
A L \/oimosphere . 1
_ -
Earth's surface

A e N o -
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N T
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The parametrie equations of motion in direetions perpendicular end
parallel to the fIfight path 8 are, respectively,

2 2

C EV—A-mgcosG-Pﬂ—
L 2 To

' (13)

pv2 . av
- A+ ngsing =m—
D . at

where re is the Iscel radius of curvature of the flight path, @ 4is the
1oeal inelination o the horizemtal (positive downward), ¢ i1s the locel

air density, ard € and Cp a&are the 1ift and drag coefficlents, respec-

tively, based on the reference area, A, of the aircraft.

. In the turmnirg process, serodynamic 1ift must obviously predcminate
OvVer the gravity coponent, mg cos 6. 3By analogy to the atmospheric
re=eatry of ballfstic missiles (see ref. 3), aerodynamic drag generally
Dradominates over #2e gravity component, mg sin 6. Moreover, the inte-
grated contribution to velocity of this gravity comvonent during descent
in & skip 1s large®y balanced by an opposite contribution during ascent.
For these reasons we will idealize the analysis by neglecting gravity
entirely. This approech is analogous to the classical treatment of impact
Problems in which 211 forces exclusive of impsct forces (aerodyns—ic forces
in this case) are meglected as being of secondary importance., Gravity is
shown 16 be of seccyxlery importance in figure 3 where the trajectory
rotuits obtainable from equations (13) ard (14) are presented for the first
skipping phese of =a L/D = 2, ¢ = 1 skip missile, .

With gravity terms neglected, equations {13) reduce to

1 cpv2a = v 8
acmm T ds.

(1k)
- % CDPYZA = m g‘%
where dgfds = - 'i']: to the aceuracy cf this analysis.
How we essume z.n isothermal atmosrierse, in which case
P = puetY - (15)

Where po andl B ame ccastunts, end y = (r - Tg) is the altituds from
s<h level (see reZ. 3 1.r discussicn of accurscy of this assunpti:=n).

R T T e,
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’ .

Xoting that dy/ds = -sin 6, we combine the first of equations (14) sith
equation (15) to yield

CroA
Lpa‘; ePlay - sin & a8 (16)

This expression can be integrated to glve

Crpod
.—e—ﬁ%- e™BY = cos 6 - cos Gep ' (17}

where p 1s faken as zero at the altitude corresponding to the effective
"cuter reach” of the stmosphere. Equation (17) points out an importent
feature of the skip path; namely, cos 8 is a single-valued function of
altitude. Since & proceeds from positive to negative values, it is-
evident that

aenn..l = -eCXn (18)
where the subseripts en and ex refer to atmospheric entrance and exit

conditions, respectively, anc .the numbers n - 1 and n refer to suc-
cessive ballistic phases of the trajectory. Now since

&, 1av@
dt ds 2 ds

equations {14) may be combined to cbtain

1avd | v2 s |
2 ds aL/DdS (19)

which, for constant T/D, can be integrated to yield

Sex, = Pen,.. r
n -1l . . (20)

1r
&Xn =e LD

eln.y

Wit the afl of equation (1R}, th.s expressicn may be written '
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: 20
Vexn - =3 |

=e LID (21)

Yeny_;

vhich relates the velocities at the begimmimz zrd exd = a skip to the
lift-drag ratio and the entrance angle of t=e vehislie o the earthls
atmosphere. From equation {18) it follows fartier tiget the entrance
angle for each skip in the trajectory is tre szzc, se That

eenxl.geenn—l___.. - - =Ef
and hence equation {21) becomes
28y

v -
o _ o LD : (22)

. venn_ 2

We ncw combine this result of the skip emelyeis w=ih that of the
ballistic analysis to obtain the total flight range. ¥rom equation (11),
the range of the nth ballistic segment of the trajectecy is.

8in fgpceEe gy (23)
(Vs ¥ - eos2hg

Vex,

P = 2 tan” T

Consistent with the ldealization of the skipying process as an impsact
problem, we neglect the contribution to ranzs of each cripping phase so
thet the total range is slwply the sum of 22 E21lintf=- eontributions.
From equatirns (22) and {23) this range is tien

oo o0
sin Es-com D .
T = }% = Z Pn = EZtl'.an"‘ 11;.'16:- f {eh)
n=o =0 Q.L/:‘)
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From this expression we sme that for any given velocity at the end
of povered flight there i a dafinite skipping angle whlch maximizes the
range of an alireraft developing a particular lifg-drag ratio. These -
skipping angles have been_obtatmed with the aid of an IBM CPC, and the
corresponding values of Vy a5 a function of range for various 1./D sare
presented in figure 4. Corresmonding values of (L/D), have been obtained
using equation (6) and the resuilts are shown in figure 5.

Glide trajectory.- The trmjectory of the glide vehicle is illustrated
in the accompanying sketch. Az 4n the previous aralyses, the distance

covered in the powered phase will be neglected in the determination of
total range.- '

L
. D
v 8
. O —7 7‘ Earth’'s surface

The parametric equations «if motion normal and parallel to the direc-
tion of motion are the relatiows of eguations (13} rewritten in the form

my=2

Te

L ~mgcos 6 =~
(25)

av
=0 + e = —
mrosin 6 = m t

Under the assumption of amxl) fmclination angle & %o the horizontal
(thus cos 8 % 1, sin 8 = 9), cmstant gravity aceeleration (i.e., -1-,1:-":1);
and noting the following rulatioms °

ey
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&
.g!=vg=l_dv2 7
at ds 2 ds
L _4a¥ -e)- > (26)
re ds
¥ _cos 0 5, 1

&1 1o J

equations (25) can be written in the forms

{21

Dividing the first of equations (27) by the second yields the following
differential equation

L 1L av® | 2 a8 _ V2
8('39)+ 2535 Y as)'?;” (28)
But, as 1s demonstrated in Appendix B, the terms %— ge and V2 % way

be neglected so that equation (28) reduces to

a2 2 2 ~
EP 677 N L?D ° (29)
Since
2
VS = yo

equatisn (29) can be integrated for constant % to give the veloeity
in now imensional form as

29 )
T2 =1 - (1 - §p%)el? (39)
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! This expression gives velocity as a function of range for what Sanger ..
f {(re?. 2) has .termed the equilibrium trajectory - that 1s, the trajectory
for which the graviiy force is essentially balanced by the guruwdynamic
1ift and centrifugal force, or 4 -
L, %
g31-V (31)

It follows from equation {25} that velocity can be expressad im the form

-

v - 1 )
. . 1s CLAVE®p (2

Kow 1t is intuitively obvious that as the maximm range 1a approached,
' Lfd ~»1 end hence V2 becomes swall compared to one (see eq. {31)).

In this event it follows from eguation (30) that the maximum range for -
the glide vehicle is given by .

0 - £-1(3) ln(ﬁ;s) (33) ‘

The relation between velocity and range bas been determiwed with
aquation (33) for various values of L/D and the resulic arc presented
in figure 6. Corresponding values of (L/D)e have been oblaimed using
equation (6} and are presented in figure 7.

C -

These considerations complete the motion analysis and attention is
ncw turned to the aerodynamic heating of the several types uf wehicles
under consideration.

Heating in Unpowered Flight

Ceneral considerations.- Three aspects of the seradynamis heating
of hypervelocity vehicles will be treated here; namely,

1. The total heat input

2. The maximun time rate of average heat input ver unit ares

3., The maxirum time rate of local neat input per unit syes -

o e e -
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Total heat imput is, of course, an imporitant factor in determining
over-all coolant weight, whebher the coolent be solid {e.g., the struc-
s ture), liquid, or gas, Or & combination thereof. The meximm time rate
. of average heéat izput per unit erea can determine pesk average flow
rates in the case cf fluid ¢oolsmts and may dictate over-all structural
strength in the event that thermel stresses predominate,

Excessive loeal heating is, of course, a serious problem with byper-
velocity vehicles. This plublem may very cepending upon the type of the
vehicle, Thus, for the ballistie vehicle, en imporiant local "hot spot™®
is the stagnation region of the mose , while for the skip or glide vehicle
attentlion may &lsa be foecuged om the leading edges of planer surfaces
usad for developizg 1ift and obtelining stable and controllied flight, In
this analysis atteation ig, for the purpose of simplieity, restricted to
the "hot spot” at tke nose, fIn perticular, we consider the raximum time
v rate of local heet fmput psp unit erea because of its bearing on loeal

coolant flow rates and locs] struwetural strength, :

It is undertsken to treat omly convective heat transfer at this
- ©  stage of the stoly. As will be demonstrated, radiant heat transfer from
v the surface shou’f not apprsceiebly influence convective heat transfer
! to & vehicle, Tmrefore, gllevizting effects of radiation are reserved
for attention in the discussion of perticular vehicles leter in the paper.
T This analysis is firther simpliried by making the assumptions that

A T | DA AR DA ot e Tt UL TR o Lo LAl L

} i 1. Effects of gaseous imperfections may be neglected
2.

-

Shock-wars boundaryslsyer 1nteraction'ma.y be neglected
2 3. Prandtl sowber is unity

R

3 k. Reynolds emalogy ig applicable

These assumptions are obviougly mot permissible for an accurate guanti-
tative study of a specific vchicle, - Nevert&eless they should not inval-
idate this comparative analysis which is ocly intended to yield informa-
tion of a general mature repurdirnz the relative merits and problems of
Gifferent types of vehicle {:ee ref’, 3 for a more complete discussion

of these assumpticis ir connuoticn with ballistic vehicles).

In ealculetirs convectlve hzat transfer toc hypervelocity vehicles,
the theoreiical ecproach tgken In reference 3 for ballistic vehicles is,
up to a point, ¢xite gencral and can be employed here. Thus, on the
H basis of the foreg:_ing assim.ti~rs, it follcws that for large Mach numbers,
i.i i the difference between the L-eal recovery teeperature and wall tempera-

L: - ture can be expre:isad as
b v

(te -3, = 3 , (34)
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{ where ™. is the recovery temperature, Ty 1s the wall 'i:.empera.ture, * - f

P

is the specific heat at constant pressure, and the subseript 1 denotes
loeal conditfons at a peint on the surface,

It is clear, however, that the walls of a vehicle should be maintained
3ufficiently cool to insure structural integrity. It follows in this case
that, the recovery temperature at hypervelocities will be large by compar-
ison to the wall temperature and equation (34) may be simplified to read

v2

To the accuracy of this analysis, then, the convective heat transfer is
irdvpendent of wall temperature, Therefore, s previously asserted,
rediant heat transfer should not apprecisbly influence convective heat
transfer and the one can be studied independently of the other.

. Bow, according to Reyrolds analogy, the local heat-transfer cocf-
fictent h; 1is, for a Prandtl nmumber of unity, givem by the expression

1

where CFZ is the local skin-frietlon coefficient based on conditions

Just outside the boundary layer, With the aid of equations (35) and (36)
the time rate of local heat transfer per unit area,

k 4
& = ny(Tr - ™), (37)
can be written as
vz
§ - 16 (o) 9

Equgtion (38) can be integrated over the surface of a body to yield the
time rate of total heat input as follows

aq
- [ a8 1 .o
3t f 3 8= 3 PV Cr'S - {39)
S

| cm—————r—— sttt e e Guptm—— | = ——
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wherein cpz is sek =gmal to Cp and

Cp! =

0l

P ¥y
[on P &

The parameter Cp®* 35 termed the “equivalent srin-frictlon coefficient”
and will be assumef omstant for a particular vezfele. From eguation {(39)
we can obtain two alies—ate forms which will prove useful; n=anely, the
altitude rate of tci=1 meat irput defined by (ncte that dy is negative.
for dt positive)

&g i PVECE'S
'éJ'Vsinef%"Esmeg (k1)

and the range rate o Tctal heat input defined as

29 1 ag pVZCr’S
a{r52) V cos 8p At L cos 8¢

(22)

The total heat inp=t mer be obtalned by integraticnm of equaticas (39),
(41) or (42), deperdizz zpon the particular variable used.

The time rate oI ezerage heat input per unit srea msy b~ cbtained
from equation (33) a=

Hav _ ls 49 ._.% ov3cpt (43)

Consider next tixe Zocsl convective heat tremsfer in the region of
the nose, The tim= ra=2 of local heat input psar usit areca was 3ctermined
in referehce 3 unG-r i%e assmptions that viscosity coefficiert varies as
the square root ol ti»r etsblite temperature, amd +hut flow betwwen the
bow shock wave aod e siapntiou point 18 incozgpres:iblz., In this case
it was found that

T ——
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% - I 3CpPoh ) : }
g Ya=gln m sin 6f, (50) )

Eguetion (49) applies, of courses, only if the altitude of occurrence is
sbowe ground level. If the value of y, 1is negative then the maximun
rate will, of course, ozcur &t sea level, |

The time rate of local heat input per unit area to the stagnation
rezton of the nose wus found to be

BRONNAT A A LA AR iy b ) 0 RS Hg

B Be . v 3Cpooh -By
: —= . g.8x107% [-2 Vrse 2 o 2Pu sin By

{(51) ;

| E=wing a maximum value of

-a 1fm sin 8 .
. ) = = s~ £
Cft)m ) 6.8¢10 / ekl (52)

A PR A T G B L

cexurring at the altitude .
1 3CDD°A -
T =§ 1 fa sin or (53) i

If the value of ‘Y‘b is gegptive, then the maximum value occurs at
ground level. | .

Skip vehicle.- With the aid of equation (17), the density at any
peZant Iin a given skipping phase is found to 'be

2pm :
o -2 poe_By = FL-K (cos 6 - cos @) . (54)
i : wwere 1t s to be recalled that 8ep = 6r+ The corresponding velocity

ix obteined by integrating equat:lan (19) for constant L/D, yielding

L L)
-t

10
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‘. V = Vene /o (53)
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By substitution of equaiions (54) and (55) into equation (39), the time

‘rate of total heat inrut at any point in a skipping phase can be expressed

as follows:

3(Gf-6)

"1 Cp'S iy
. %% =']2; éFDA i%vens(cos @ - cos Op)e L/D (56)

Now, recelling that ds/dt = V, the first of equations {14) may be com-
bined with equation (17} to yield

a ) .
== -8V(cos 8 - cos 6¢) (57

Inasmuch a8 Vep = Vey for any ballistic phase, it then follows from
equation (22) that :

Vewly _ en)y L) £F - :
(Veddpey V2 . '

With the aid of equations (57) and (58), equation (56) can be integrated
to give the total heat fmput for a given skipping phase, Thus we obtain

hoe
Qn . _1Cp's l-e"L—fB e(nl)'.-[.-/_D- .
3 CpA (59)

where 1 refers to the ballistic phase subseguent to the given skipping
phase, : :

The total heat 1mpzt for the entire traj:ctory can be cbtained by

summing up the heat ixzp=is 7or each separate skipping phase, Performing
this operation yields . :

L e e -t
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' !
o0
J1os L _JIp i - (o~ 1) L/D (60)
I ; = 2 Cph
2 n=12® n=1
The summation on the right side of equation (60} represents a geometric i
series which can resdily be evalusted, The total heat input for the :
entire trajectory then becomes T
9 _1CS (61)
%ﬂrz_ 2 CDA -

which( 15) g.den’c,ical to the result obtained for the light ballistic missile
(eq. (¥7)).

The time rate of average Esat input per unit area is obtained by
dividing eguation {56) with the surface area, thus ylelding

o, ot 3{6p-6)
*EY =_]2:_c'§—.h. LB/E;J Ven (cos 8 ~ cos ef)e L/D (62)

It can be shown that this expression has é. peak value at a point in the

skip, 655 given by

(cos 85 - cos 67) = -L-./S—D sin 84

or

8
5 = tand 7o - sia”t it (63)
1+ (—Iﬂ>2
3

From equation (22) it can be comecluded that the maximum Leat-transfer
vate will oceur in the first scip where VYgn = ¥£; consequently,

© e e ——— =
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: . _3(9f-ea) _ ° - ;
1 ’ d§2v> = %:E .(%—-A Vf sin Ba_e L/D (614)

The time rate of 1ocal heat input per unit erea in the stagnation
region of the nose is obtained by introducing equations (5%} and (55)
into equation (4%) with the following result:

y 3{9g-0)
dH, - ) 1/2 2 -
EB- = 6.8x10"°® CI:ZU> (cos 8 - cos Bf)ll Ven— & L/p (65)

l . Equation (65) has 2 peak value at & point 6 4n & skip given by 1

;.
/D
(cos 8y ~ cos 6p) = ——/6-— sin 6 ; .
1
or ‘
_ !
-1 6 -1 cos Bp ’ '
Oy = tan™™ == - sin " — (66) |
H/P LY ‘
1+ (4)
6 .
! _ {
: ' It is clear in this case also that the heat-transfer rate will have its
maximum value in the first skipping phase where the velocities are
highest, Since Vg, = Ve 1in the first skip, equation (65) becomes
1
Hep-6y)
cms> -e[ﬁm(L/D) sin eb:]llz s "I
—_ = 6.9%10 ————ee vele L/D
dt 3CLA°' r (57)

Glide vehicle.- Frou equations (30) and (32) ;s the density at 8 point
in tke giide trajectory is found to be

i
i
v
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. _ 2ug (1 - sz)eJ
CAVgE 1 - (2 - Vpo)e” (¢8)
where
=2
L/p

By substitution ©f equations (30) and {68) into eguatinn (39), the time
rate of total keat input can be expressed es

/2

T =%——CD_; E7D— (1 - Vfa)eJ[l - (1 - sz_).eJ} ' (69)

Now with the aid of equations (30) ard (33), equation (69) can be inte-

grated over the liimits of the glide trazjectory to yleld the total heat
input in terms of the initiel kinetic exergy as

Q =l Cg*S : i . o
2:-i0s (709

2
which expression is identical with tkat chuained for the skip vehicle
(eq. (61)) and for the light ballistic vshicle {eq. (4T7)).

Now ‘the time rate of average heat fmput per unit area is found by
dividing equatiom {69) with the surface ares, thus yielding

dl-Ha.'rz_l;._E_lf_'_‘nEVS T2 v Jl’2

It follows from this expression that the maximum time rate of average
heat input per writ area is




--'_' e -:5-.:
S UL S 0. L~ s e Rl s —__,_&_—_—__L;——_-‘;s-_.s_ i S Ee il o it e e AL . ow
= — - —— - ——— - PR Sl = P o
2k NACA TN Lo46
! ) ] ]
: P 4 - ) ’ )
(E.Hav> . axav> __1 ‘r mels (72)
»
at a value Jg glven by
Jg = -1n 3 (1 - ‘-’fz) (73)
: [
i If Jd3 1Is teken as a reference value, and equations (71) and (72) expres-
sed in terms of Jz end incrementel changes AJ =J - Jg, it can easily
, be shown that
' : ;
4 dHa,v/d.t . /2 i
. - eAJ<3 - ze&’) = Fa(AT) (7%) f
(dBay/dt) mey i
e t
Tne dependence of Fg(AJ) on AJ 4s shown in figure 8.
The velocity at which the meximum average heat inmput rate ocewrs *

can be obtained by substituting equation (73) into equation (30) yielding °

: L F.X

In equation (30) it is secn that the velocity is greatest at the start of
unpowered flight (i.e., when T = 0). Equations (72), (73), and (7h)
2pply, therefore, only when Ve 2 (14/3).

For cases when V¢ X (1A/3), the maximum time rate of average heat
input per unit area will occur at the start of unpowered flight and is
given by

Jaﬂo

(ﬂgzv)m - (ﬁ;v) -1 ”;7“_";;* (- sz)vf- (76)
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The maximum time rate of local heat input per unit &rea in the stag-
m=tion region of the nose is found by first substituting equations {30)
=nd (68) into equation (Lk) to obtain

dH . _ 2
o = 6.8x107° cf;i vsz[l -1 -vfa)eﬂ[(l - sz)eJ] y)

The maximum time rate is then
2 6 ax:f.o"e 288 v 2 78
a ) ( >.}’ CLAO' 8 (& )
eccurring @t a value of &, glven by
Jp = ~In 3(1 - V&) (79)

With Jp as a reference, it can easily be shown thet

. AT .
dHg/at 1.2 (- . - 80
(/W) gy 2 (- ) =men (&)
where
AF = J -~ Jy

The dépendence of PL(AJ) on AJ is shown in figure 8.

With reference to equations {30) and (74) it cen be seen that the
maximem time rate of local heat ftransfer in the stagnati-n region occurs

wnen
v-/2 | | (81)
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It is appa.rén‘b then that equations (77}, (78), and (7S} apply omly when i
Ve >J2/3. For cases where Vg <J2/3, the meximm time rate of local

heat 4input per unit ared will occur at the start of urpowered fight and .-
is given by

‘Ei) = (i‘.Hi) = 6.8x10™° /;n;—‘; vg2Teo(1 - e (82)
at /max dat Jp=0 L

L e e

DISCUSSICN

t Performance of Hypervelocity Vehlcles

In this study the point of view 1s teken that the performamnce of

long-range hypervelocity vehicles is measured by their efficlency of
$ f1ight. Thus, for example, it is presumed that the advantages (military
and otherwisei of short time of flight accrue equally to all vehicles. '

-

The efficiency of f1light is perhaps best messured by the ebst.of -

delivering a given pay loed a given range - the higher the cost, the

lower the efficiency. Quite obviously it 1s far beyond the scope of the .
. present paper to actually compute this cost. Rather, then, we adopt a . .
more accessible parameter of hypervelocity flight, nsraly, the initial !
mass of the vehicle, as a measure of cost. In effect, then, the assump- -
' tion is made that the higher the initial mass of a vehicle the higher the
-cost and the lower the efficiency. With these thoughts in mind, it is
constructive to reconsider the basic performsnce eguation (eq. {#)) writ-

ten in the form

Ay AR ¢ e,

A n—— -

Ve/ gle

mj = mpe

(83)

This expression clearly demonstrates the roles played by the three factors
whlch influence the initisl mass of & vehicle required to travel a given
range. For one thing there is the power plant, and 25 we would expect,
increesing the effective specific impulse increases the over-alil efficiency
of flight in the sense that it tends to reduce the initial mass. The
velocity at burnout influences initial mess by dictating the a=ount of
fuel required, and it is not surprising that decreasing the required burn~
out veloclty (e.g., by incressing the L/D of a skip cr glide vehicle)
terds to decrease thz initial mass. Finally, we see shat the infcial
mass is proportional to che final mass which consiets of the pay load,
structuie tand asscoiated equipmernt), snd ccolant. Xf we preswrs the mass
of tie pay load to bte some fixed quantity. then ke in’tial mass will

vary ir accordarc: with this wass oX siruciure amd coolant,

B
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7 i ¢ How we assume for ccmphr&tlfe purposes that the power plant for one

1 vehicle is equally as gud as the power plant for another vehicle - that

. is to0 say Y, is 2 mcre or less fixed gquantity. In this event it is per=-

. missible to restrict cur asttention to two main performence considerations;
namely, the prescribed motion as it influences the required burnout
veloeity, and the resulting sercdyneric heating as it influences structure
and coolant, We therefore proceed to discuss the comparative performence
of long-range hypervelccity vehlcles in terms of these considerations.

Motion.~ The dependence of burncut veloeity Ve on range was deter-
mined in the snalysis of motion in urpowered flight and the results
cbtained for the several types of hypervelocity vehicle under study were :
presented in figures 1, k, and 6. Using these resulis in combination e
with the basic performance equation we have calculated the corresponding '
initial to finel mass ratios rg/mf =as a function of range. For these :
P . and subsequent calculations it hes been assumed that the rocket power :

- plant develcps an effective specific fmpulse of 225 seconds. The results
of these calculations ere presented in figure 9 and we observe that, in
general, the rass ratiss are highest for the ballistic vehicle. The glide
and skip vehicles have compeprable and relatively low mass ratios at 1lift-
drag ratios in the neighborhowd of % end greater. The skip vehicle is
superior, hcwever, to the glide vehiele at 1ift-drag ratios in the neigh-
borhood of 2. From csasidersticns of motion alone, then, we conclude
1 . that the skip vehicle and the glide wehilcle developing lift-drag ratios
!

{
|

B, NhorMswmavep AL iy Lfi v

—

greater than 2 are superior efficiencywise, in the sense of this report,
- to tke ballistic vehicle. Let us now determinre how these cbservations
. are pmodified by considerations of aerodynemic heating.

- Aerodynsxmic heating.~ The enelysis has revealed one particularly

: salient factor in regard t0 the heat transferred by convection o hyper-
velocity vehicles that expend the mejority of their kinetic energy of
Plight iu traveling tirough the eartk®s atmosphere. This factor is that
the amount of kinetic energy which srpears in the body in the form of
heat is proportional to the rstio of friction force to total drag force
acting on the body {see egs. (%7}, (E1), and (70)). With the possible
exception of the relstively heavy bailistic vehicle (see ref. 3) =211 of
the hypervelecity vehicles treasted here do expend the msjor part of their
kinetic energy in flight., It is, in Tact, only by virtue of this expend~
iture of energy that the skip snd giile vehicles achieve long range. From
the standpoint, then, of reducing the total heat transferred by convec-
tion, the problem is to detecrmine how the ratio of friction force to total
drag foree csn be reiuced. This metier was discussed in detail in ref-
erence 3 in connectisn with bsllisti= vehicles snd it was demonetrated
that Lke ratio could be reduced by erzloying high-pressure-drag (i.e.,
blunt) shepes, It werld be mcst fortunate 1f this evenue of solution
were open also to the skir and y:{de vehicleg; however, it is readily
spparent that such is not thie csse. <Tals conclusion follows sirrly from

. the fact that the sitip and glide veznfcies must develop reascnably high

T
*
=f

R T
EE Y A |

T I N T U T -
' . da Wi

P i
k




CSTTITETS s m e,

EETE S RaPiak s R * =
T e o .. L <= - _?_ !
—_— i - L] : . 3L
- - —— e - . N
e ———— L - T oSy e e .
- ~ - _;-;. o
28 NACA TN Loh6

lift-drag ratios to achleve long range. But, as is well known, high
lift-drag ratios and high pressure drag are incompatidle serodynamic
properties. Evidently, then, the skip end glide vehicles will be rela-
tively slender and they will, by comparison to blunt ballistic vehicles,
be required to absorb large amounts of their kinetic energy of flight in
the form of heat., On the basis of the calculations of reference 3, it
does not seem feasible for slemder hypervelocity vehicles to absorb and
retein so much heat (of the order of ocne-tenth the kinetic energy of
Tlight). We are led, therefore, to gonsider the possibility of radiating
part or all of this heat back to the atmosphere.

Let us first consider radiation heat transfer from the surface of a
glide vehicle. For purposes of simplicity we presume a vehicle conical
in shape. The base diameter is taken as 3 feet and the weight as 5,000
pounds. We consider two slender conss which, according to hypersonic
theory including friction drag, can develop maximum lift-drag ratios of
%k and 6 (see Appendix C). We Pind (see Appendix D) tnat the L/D =14
glide vehlcle can radiate heat like a black body at a rate equal to the
sximum average cunvective heat-transfer rate if the surface temperature
is allowed to rise to sbout 1500° F. If the vehicle develops a 1ifte
drag ratio of 6, then the allowable surface temperature must be increased
tc sbout 1800° F. These surface temperatures are high; nevertheless they
are within the range of useful strengths of aveilable alloys. Further- -
‘wore, they can, if necessary, be reduced somewhat by designing a less
dense vehicle {or, more specifically, a vehicle of lower mg/S, see
Eppendix D), -

It is indicated, then, that the glide vehicle has the attractive
possibility of radiating back to the atmospherc a large fraction of the
heat transferred to it by convection. As & result the mass of coolant
required to profect the vehicle may be greatly reduced, dJust as with
the ballistic vehicle, however (see ref. 3), it is evident that additional
means, such as trenspiration cooling, may well be necessary to protect
Iocal hot cpots on the surface,  like the stagnation region of the nose,

3% 1s also well to note that the alleviating effects of radiative cooling
are not limited to the glide vehicle alone, but would apply to any hyper-~
veloeity vehicle in level flight,

We inguire now if the skip véhicle is capsble of radisting heat at
a rate comparsble to the maximum convective heat-transfer rate. For this
purpose it suffices to confine our attention to the first skip wherein
the maximum convective heat-transfer rates are encountered (see eqg. (64)).
On the basis of our calcwlations for glide vehicles developing lift-drag
ratios of 4 and 6, we comclude that the skip rehicle develcping compa-
rable lift-drag ratios cannot radiate heat at anything like the maximum
convective rate. This conciusion follows dir:etly from the fact that,
slthough the hest absorbed iy the skip vehicle in the first skip would
be shout the same ss that fur the glide vehicle experiencing the same
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loss of kinetic energy, the rates of aebscrptionm would be far greater for
the skip vehicle. Hence, the surface terreratures required for radiation
to offset convec’ion would probably exceed the temperatures at which

known materisls retain apprecisble strength.

How the skip vehicle vperating at 1ifit-drag ratios in the neighbor-
hood of 2 will s&hsorb less heat than skip vehicles developimg higher
lift-drag ratics. However, as shown in fppendix D, the former vehicle
still absorbs mome heat than a comparable high-pressure-drag ballistic
vehicle and it excrues no appreciable advsntage by rediatiom. From the
standpoint of hkest transfer, then, it is indicated that the skip vehicle
is inferior tc Both the ballistic and glide vehicles. That is to say,
proportionately more coolant of one form cr another would ke required to
protect the skip wehiele than would be reguired to protect Bailistic or

glide vehicles cZ the same range. The skip vehicle has other disadvantages

as well. Cert&ir_..y one of the most sericus of these is the wery high
lateral loads {==e fig. 3) that the vehicle would be requirsl to with-
stand during & seSp from the earth's atmosphere. These loais, coupled
with simultenecws high thermal stresses {due to high convective rates),
would require tke structure to be stronger and, consequentiy, heavier
than that Qf @ corparable glide vebicle.® For these and other reasons
concerned with problems of stabllity, cortrol, and guidance, the skip
vehicle is thougt=t to be the least promisiog oj.‘ the three types of hyper-
velocity vehicis esonsidered here.

In essence, then, the precedlng study has indicated that the 'Ee.llistic

vehicle exhibits -the possibility of being relatively efficient for hyper-
velocity flight Ty virtue of the fact that sexrodynamic heating can be
markedly reduced through the artifice of using blunt, high-pressure-drag
re-entry shapes. The disadvantage of using the relatively imefficient
ballistic trajecwory is counterbalanced by this advantage w:ich tends to
keep initial me=zr down by reducing coolant mass. The glide wehicle

* appears promisizr for hypervelocity flight becmuse it has, eoupled with

the relatively hZgh efficiency of the glide trajectory, the possibility
of radiating & Iz—ge fraction of the heat absorbed by convection.

Up to this moint we have considered the performsnce efficiency of
the several typ<x of hyperveiocity vehicle ty ecomparison wizh each other.
It is of interest now to compare, insofar es is possible, the efficlency
of flight of theme vehlcles with that of lc--er s];eed., more conventional
type aircraft.

3 Added welgks means, of course, added ciolant (sce, agein, eq. (61})
which, in turm, memns added wejght. The perPormance efficiency of vehi~
cles is reduced accordingly - indeed one c#z zasily dewonsirate thab ulei~
me.ely fhe coci=rt is being added to cool c:alant. This sicuaticn must
chy-.dueiy Lbe av_Laed,
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Comparison, of Hypervelocity Vehicles
¥ith the Supersonic Alrplane

¥

_ In te anelysis of powered flight 1t was found that the basic per-
formance equation for hypervelocity vehicles could be written in & form
analogous to the Breguet range equation. Thus, according to eguations (7)
and (9) » ¥e have for both hypervelocity and lower speed vehicles that

L my '
R = (B)eleveln E) (8%)

where 1t is understood that the effective quantities are the seme as thes
actual quentities in the case of the lower speed, more conventional air-
craft. How let us consider the product {I/D)eleVe. Taking first the
supersonic alrplane we assume flight at a Mach number of 2 and s maximm
lift-drag ratio of 5. The product IeVe for a2 ram-jet or turbojet is
not likely to exceed sbout 4,0x10% feet.® The product (L/D)eIeVe is
then 22xICS Pfeet for the alrplane. Kow let us compare these quantities
with the corresponding guaniities for a ballistic vehicle and let us pre-
sure that the range will be half the circumference of the earth. In this
event, the effective lift-dreg ratio for the ballistic vehicle is 2x (see
fig. 2) which is slightly greater than that for the airplane, while the
effective velocity is Jjust half the satellite velocity, or 13,000 feet
Per second. Let us again assume that the effective specific impulse is
225 secands, In this case, the product of IeVe 1is 2.9x10% feet which
is asbout o thirds of that for the airplane. The product (L/D)eIeVe 18
about 13A0® feet which is less than, but-certainly comparable to, that
for the suvpersonic airplane. Thus we have our first suggestion that the
hypervelocity vehicle is rot necessaxrily an inefficient type vehicle for
long-renge flight.

In.order to pursue this point mrbhe'r, a performance efficiency

_factor (see eq. (10)) defined gos

e Vg ny
A A

has been calculated for ballistic and glide vehicles for Ie = 225 sec~
ords, awd ranges up to the circumference of the earth., The corresponding
quantity R bhas teen calculatcd for the supersonic airplane

*Thin vbservation holds essevtially for any air-breathing engine -
note that the saddimuim value of IoVe is simply the product of the thenml
a7 *jeiency (taken as 0.3 < see, e.z., ref, A} and bh2 apesific heat
cunteat o the rfuel (teics s~ 14,.6x108 feel for gasaline-type fuels).

—— Amem e e .
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{IeVe = 4.UXI0% feet) for seversl 1lift-drag ratios. The results of these
calculations are presented in figure 10 and we cbserve, &8 our example
calculation suggested, that both the ballistic and glide vehicles compere
Tavorably with the supersonic airplane for ranges in the neighborhood of
Bnd greater than half the eircumference of the earth. The glide vehicle
is again superior to the ballistic vehiecle at 1ift-drag ratios in excess
of 2 gnd, as a result, it compares favorebly with the airplane at shorter
ranges than the ballistic vehicle. :

It should be kept in mind, of course; that mpy may be substantially
greater than mp, the mass of the pay load. This point takes on particular
significance with regard to expendable vehlcles where m}/mp is perhsps a

' better measyre of cost than mj/mp. Thus, noting that mj/mp={my/mp){mp/mp),

€nd recognizing that me/mp 1s probabiy lowest for the ballistie vehicle,
we enticipate that the ballistic vehicle would appear to better advantege
than shown in figure 10,

CONCLUDING REMARKS AND SOME DESICN COMSIDERATIONS
¥OR GLIDE VEHICLES

During the course of this study it has been indicated that ballistic
and glide vehicles can be operated at hypervelocities with the reasonable
assurance that problems of aerodynamic heating can be largely alleviated
by proper design. Skip vehicles appesred substantially less promising
in this as well as other respects., It was further demonstrated that on
‘the basis of equal ratios of initiel to final mass, the long-range hyper—
velocity vehicle compares favorebly with the supersonic airplane. These
considerations suggest that the tallistic and glide vehicles have, in
addition to the advantages usually ascribed to great speed, the attractive
possibility ol providing relatively effiricnt lorg-range f£light.

In view of these findings, it seems appropriate as a final point to
touch on what appear to be Favorable design features of glide-type vehi-
cles. Comparsble aspects of the ballistic vehicle zre not treated here
inasmuch as they have already been considered in some detail in refér-~
erce 3. Two categories of glide vehicle will be considered. The first
category is mede up of those vehicles whose fligiht through the earthts
stmosphere is entirely at hypersonic speeds, More specificelly, a vehi-
cle in this category 1is required to be stable sxi controlleble to the
point of high-speed impact with the surface of tae earth. The second
category includes {those vehlcles which are requived to have acceptable
low-speed aercdynamic charscterfistics (perhaps to the point of landing).

Considering now the first category, we recozmize that while the
snape of the vehicle zust he such as to provide rezsonebly high 1ift~drag
ratios, it should also be a compmet contiguration desipgned to minimize
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structural and, hence, propellant welight. Purthermore, it sepears most
desirable from the stendpoint of serodynamic heating to eliminate all
surfaces that present extremely severe heating problems. Tmese considera~
tions tend naturally to focus our attention on configurations free of
the planar surfaces normally used for developing 1ift and providing stable
and controlled flight. We pursue this point, therefore, by imquiring of
the efficiency of a8 body of revolution as e 1ifting device at hypersonic
speeds, TFor this purpose, theory, including friction drag esiimates, was
employed to caleulate the meximum lift-drag ratios of cones and flat
plates {see Appendix E) and the results are presented in figwre 11l. It
is seen that while the flat plate 1s, as would be expected, by far the

. most efficlent 1iftisg device at low supersonic speeds (1/M->1), it has
rclatively 1little advantege over the cone at hypersonic speeds (1/M—>0).
Evidently, the body of revolution is relatively efficient for developing
1ift at bypersonic speeds,

Now, it 1s clear (see eq. (78))} that just as with the ballistic
- yehicle, the nose of the glide vehicle should be rounded to alleviate
the locel heating problem., There is evidence, both theoretieal and exper~
" imental, that in addition to allevisting the heating problem, rounding the
nose may, in fact, increase the 1ifiing efficiency of a body. Recalling
that for slender boaieg the maximur 1lift-drag ratio is govermed primarily
by zero~lift drag, we recognize the validity of this statement on the
basis of the theoretical and experimental work of reference T and the
experimental work of reference 8. ) -

The body musi, of course, be stable and controllable in £iight. It
appears feasible to provide these requirements’ without recourse to planar
surfaces, BStability in pitch and yaw can be provided by a cgonical flare
at tihe base of the body, and contrcl In pitch and yaw can te provided by
deflectable seciions of the surface of the body. These sections are
located on the rear portion of the body to provide a configurmtion which
i1s inherently stable in roll, A hypervelocity glide vehicle in the first
category might, then, in view of these considerations, appear something
like that shown in figure 12.

Consider now a glide vehicle falling in category two. Pirst of 211,
it appears most unlikely that acceptable low-speed aerodynamic character-~
istics can be obtained without using more conventionsl planar surfaces,
at least to the extent of a wing., The question then is: What can be
done to alleviate the serodynamic heating of planar surfaces? Especially
in this regard are we concerned with the very severe heating emcountered
at the leading edges of these surfaces. It is apparent by anelogy to the
nose of the body that the severity of aerodynamic healing at whe leading
adge of a wing caa be reduced by simply rounling the leading cdge. In
Tuct, on comparing the tiecreticzl resuits of references 9 acl 10, we see
that for the purpuses of thia repors there 1s no sssential difTerence
between the best-transfer rate at the stag:ation point of & blunt leading

sl




VT

.|,“,.I,.. ,..m

B P . - Lol - PR it o A
as . it i o e LIS e ST SR e sl T T R LRSS
I —— PSSR L b e AR e i e o Wit 2 A kS S i 7 58 -

HACA 7N ko6 . 33

edge and that at the stagmation point of a compareble blunt nose as glven
by eguation (%%). We may anticipate, however, that rounding the leading
) edge will incur a drag pezalty which will, in turm, reduce the attainsble
1ift-drag ratios. This &ifficulty may be largely circumvented by simply
sweeping the leading edge of the wing. The contribution to totel drag
of the drag at the leading edge is in thie manper reduced approximately
in proportion to the sgua=e of the cosine of the angle of sweep. BEqually
important, the rate of heat transfer to the leading edge may also be sub-
stantially decreased by sweep. This possibility is suggested by the
independence principle for cylindrical viscous flows {refs. 11 and 12)
which applies to the compoments of flow normsl end parallel to the sxis
of a cylinder.® We conclude, therefore, that in the event rounded lead~
ing edges are used to alleviate heat transfer to wings of glide vehicles,
or for that matter any hypersonic vehicle, these wings might well have
highly swept leeding edges. One is lead naturally to consider triesnguwlar
or delts plan Porm configarations. By entirely snalogous reasoning, the

trisngular plsa form mdy also prove desirable for stabilizirz and control-
l_ ling surfaces. '

q Tt is entirely possible, of course, and perhaps even desirable,

{ that wing-body functures of a glide vehicle should not be discontinuous
but rether that the body, in effect, should be simply flattened out to
appear more or less elliptie in cross section. In any event we see that,
interestingly enough, the concept of sweepback may play an important role
in reducing the heating &nd drag of practical configurations at hypersonic
speeds, much as it has ror drag alone at supersonic speeds.

fmes Aeronauticel Laboratory
! National fdvisory Committee for Aeropautics
Moffeit Field, Calif,, Dec. 10, 1954

Shccording to the imdependence principle and eguation {kk}, heat-
transfer retes will be réduced by the cube of the cosinz of the leeding-
edge sweep anglé, This principle is, of course, not strictly applicable to
viscous flow about blun: eylinders. Actually, there may be a sizable con-
tribution tn heut traas?>r by the corponent of flow pzrallel to tue leuding
edge, and ugpublished tr:icretical and experimental reétilhs indicate that
the reduction in heat transf=r may be more nearly proecriionsl to the
square of the cusine of &k= :veep anglc,. In an;” cdse, it iz suflicient
2or the purposes of this reoort, to mote taei & sizable reducsiion ii heat
wransfer is achiftwed by swe~rpiny a blunt teading edge.
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APPENDIX A T
XOTATION - v
A reference area for 1ilt aﬁd drag evaluation, sq £t 1
¢ specific heat of vehicle materisl, ft-ip/slug °R
T drag coefficient i ) -
g 11£t coefficient
Cp skin-friction coefficient ‘
cp' equivalent skin-frietion coéi‘ficient s (see eg. (L0)) :
S specific heat of eir at constant pressure £t-1b/slug °R ;
. Cy specific heat of air at constant volume, ft-1b/slug °R
D drag, 1b |
e Naperien logarithm base
B performance efficleccy factor, (see eq. (83)) )
r general funcilonal designation
¥a,Fy func;tions cf AT, (see eqs._(?h) and (80))
acceleration due to foree of gravity, £t/sec?
convective heat-trezsfer coeffic,lent' s Ft-1b/f4® see °R
hid convective heat trexsferr 3 per unit area (unless otherwise
designated ), ft-in/fv
I speciflic inpulse, s=o
J range parasmeter for glide vehicle (see eq. (68))
K Stefan-Bs! tznann ccaostant for black body rediation (3.7x107*°
££-1b/1t? méc OP%)
i 1ift, 1b
a raegs, siugs

. Mach number

S r r—————— -
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®
. Q convective heat transferred (unless otherwise- deslgnated),
g fe-1b
E T distance from center of the earth, Tt ,
f T. redius of curva.ture of fiight path, rt
i— Yo radius of earth, £t
% R range, £t
] 5 distance along flight bath, £t
[ 3
f S surface area, sq Tt
K . :
E £ time, sec
!l T texperature (amblent air temperature unless otherwise spec—-
¥ ified),
F .
i v veloeity, ft/sec
4
T, v ratio of velocity to satellite yeloeity
Vs velocity of satellite at earth!'s surface (taken as 25,930
- f£t/sec)
. W weight, 1b
vertical distance from surface of earth, ft
a angle of attack, rad.ians unless otherwise specified.
constant in density-altitude relation, (22,000 £t) (see
2 eq.. (15))
7 ratio of specific heats, cp/cv .
8 semivertex angle of cones, radiens unless otherwise speciffed
a *increment
n 11rt-drag efliciency factor, (see eq. {C27))
2] angle of flight path in horizontsal, radians u.nless othervwis=
spceified
A function of Mach number, (see ey, (ET))
p air density, slugsfeu ft {pg = 0.203%)
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o nose or lésding-edge radius of body or wing, £t
P partial range, radians
¢ total range, radiaus
¥ remaining range {$ - @), radians

Subscripts

o conditicns at zero angle of attack

1325850

a

av

[

1]
=]

g o - - T R . g

moon

/]

3

conditicns at end of particular rocket stages

conditions at point of maximum average heat-transfer rate
averaée values

conditions st point of meximum locel ﬁeat-transfer rate
convection '

effective values . )
conditivas at entrance tc earth's atmosphere

conditions at exit from earth'slatmosphere

condi%ions et end of powered fliéht

initial conditions '

local conditions

ballistic phases of ‘skip vehicles

total number of rocket sfages

pressure effects

pay load '

recovery conditions

radlation

stagation conditions

total values

wall conditiors
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APPENDIX B
SIMPLIFYING ASSUMPTIONS IN THE ANALYSIS OF TET GLIDE TRAJECTORY

The assumption of smmall deflection angle {6 < <1) was used through-
out the study of the glide trajectory. In additfcm, equation (28) was
simplified on the assumptions that

(L/D)a < <1 {B1)
ard
TPRLY oo

The extent to which these assurptions are permissiile can be checked by
derfving an expression for {L/D)s and examining its variation over a
renge of trajectory parameters.

From equations (30), {33), and {34) the altitude of any point in a
glide trajectory is fourd to be

1-{1-Vs2
{ _f)e + ln
{1-Vf2)e'1

By retaining the assumption of &mall inclinatfon &mgle, whereby g :::-—dy/ds >
and recalling thet J = (2s8/r.)/{1/D), we rind the inclination angle by
differentiating equation {B3)}. Perforw’ g this operation and meking use
of eguation (30) reduces ihe expressicn for (L/D)8 to

1- Fr-=ro

e ———

¥ =% In (B3)

FMO

L 2 1 2.195x19™3
=9 = == = H
D 8 BroL _ (1"712) eJ] vz {BL}

Sirce ?1-2 becomes very msall toward the ¢nd of the trajectory, it is
apparent from equatfoa (BY) that the assuuption cf szall {L/D)@ cannot
be Justified in this portiem of flight. The prcbliem then Is to determine
the conditions under which (L/D)8 resming negligitly smal) over the
palzr part of the trejectoery.
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With the a1d of equatZons (30) and (36), equation (B%) can be modi- ..

fied to the Tonllowing form

I e S S ‘ (B5)
[ ® 7 - [2{51-0 ]
(r/p)e

For given values of L/D and total range ¢, equation (B5) determines .
the fractional part of the total renge which corresponds to a given value
of (L/D)8. Since the deflection angle is always increasing, we can there-
fore determibe the portion of the total range through which (1/D)@ remains
equal to or less than a given velue. A comrputation of %his nature was
performed for e value of (L/D)6 <0.05; and the results are presented in
figure 13. From this figure we can see that except for short ranges

and large lili~-drag ratios, (I.;'D)e {as well as 9? remeins at a value less
than 0.05 for belier than 9C percent of the total range.

The secomdd assumption, equation (B2), ean also be werified from the
results of the analysis. By differentiation of equation {B4) we find that

- a8 w2 | (-T2 ) )
VG T Ay | T (56)

vhile differentistion of eguation (30) yields

O VE(1 - TA T
Lam .- SIS (=0

Dividing equation (B6) by equation (B7), and making use of equation (Bh),
we £ind that

2 48
v 20 2

Tm & = LD (/D)2

[(L/me] (88)

By comparirg eguation (BB) with the previous results obtained for (L/D)6,
{fig. 13} we ear readily see that this assumption, equatisn (B2), 1s
actually less st:-ingent than the previome one for practical valuer of
L/D.
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* FPFENDIX C ‘ -
I"l ; . CF'a
‘ THE RELATION BETWEEN mm( ) FOR CONICAL MISSTILES

[ R Y VT

.
1

-

The 1ift and drag coefficiesrts for slender cones a.t ex211 angies of
attack can be expressed in the following manner:

¢ = 2a {c1)
€p = Cp, + ol | (c2)

By dirviding the first of the preceding equations by the seccnd, one can
obtaln an expression for tke 1ifu-drag ratio

L=9E= q‘ = - cL
D Cp Cp, * =0y, Cp, + 05275 (c3)

It cen be shown that equatiom (C3) has & meximum value when

€3, = Op%/2 (cu)

whereby

- (Cod (g oy oy = 200 (c5)

From equations {Cl) through {CS5}, the maximm value of the lift-drag
ratio can be expressed in the fallowing weys:

CURESEES
o

The dray coefficient at zero angle of attack appearirg in equa-
tion {C2) can be broken dowm fnio its compoment parts to ;ricld

e, = (cnq)p ¥ c,,os/A oo {cT)
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vhere (C]jo) is the zero-lift pressure &rag coefficlent and Cp, Is the
zero~1ift skin-friction coefficient based on wetted area. The skin-
friction coefficient, CF,, in equation (CT) can be related to the equi-
valent skin-friction, Cp’', {see eq. (43)) by comsidering averege conditlons
over the surface of the cone. Equating the friction drags as determined
from free-stresm and local average conditions, it is found that

(pl )av(vl }E.YZ
CF, = (CF7'>av pvZ - (c8)

By referring to lcesl average conditions on the body surface, the expres~
sion for Cp!', equation (40}, can be written as

(P ay(V2)
Cg' = (CFJ” = (c9)

Comparing equations (C8) and (C9) it is epparent thet

Vi) :
Cp_ = Cg' i—lv—a"- (c10)

For slender shapes at hypersonlc speeds, the local velociity dses not
differ appreclebly from the free-stresm value., Aiso, for sm=all angles
of attack, the skin-friction coefficient should remain fairly constant.
Consequently, equation (Cl0) can be written =as

Cp, = Cp = Cp' = constant (c11)

end equation (C7) then becomes

. Cp'S
= (Cp,), *+ —— .
‘0 = t%o’p * (c12)

From equations (CS5} and (Cl2) 1t can then te shown that

T}
0
1- -———‘;‘ ¢13)

o

J'CF ' ool

)
L Tk 1y, /O)n
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From the Newtdiian impect theory, the zero-1ift pressure drag coef-
ficient for =lender cones at hypersonic speeds can be expressed as

(CDo)p = 26% {c1k)

where & iz the semlvertex angle of the eome. By further noting that
for slender cones :

S 1 ’ ’
i=s (c15)
equation {CI2) then becomes _
1 .
op, = 2% + Z- _ (c16)

For a given walue of Cp' it can be shown that equaticn {C16) has
minimum velme whent

(1) i/3

3= 5°pt = (T - ‘(017)
whereby, et 6 = sopt
(CDo)ygs = 680pt” = 3(Cp), (c18)

Obviously, tiren, the highest value of maximm 1ift-drag ratio (eq. (C6))
will be attalned by the cone with the semivertex angle glven by equa-
tion (C17). 3y substitution from eguation (Ci8) into equation (C6)}, the
optimum valme of maximum lift-dreg retio is

Dy furtier substituting the expression for minimum zero-lift drag
coefficient, eguation (C18), into eguation (Ci3), the fellowing relation,
corresponding to the condition of optimm maximum lift-drag ratio, is
obtalned:

or's -1
(% wm ., "3 (cao)

IThe remmining analysis assuncs ! cunstant., Altiougn this is
definitely nct the situvation in real t, this analysis provides an
"order of mEzaitude” estimate of pertinent p.racetevs.
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With the afd of equations {(Clk) and (C16), equation (Cl13) can alsa "

be expressed in the following form, corresponding tc eny meximum 1ift-
drag ratio incluiing the opt.imn value:

GEE)(L/D).Q;: % < ) (ca1)

From equations {C20) and (C21} it caen reedily be seen that in the case aof
the optimum (L/D)gax

4
as::ta "= (c22)

from which it follows directly that

__ =2 <3_5L> ' {c23)

so that eguation {C21) may be written &s

{c2k)

(%;:—-)(L/D)m =.2 . (_:i_c)a
op

. With the aid of equations {C16) and (C23), the expression for any
(L/D);max (eq. {CH)) can be shown to be

(%)w = 20{1 . (?8%5)3]1/2 (c25)

_end it follows directly from eguatina (C19) thut the ratio of (1,/13)max

fcr any eone to that for the optimum cone Is
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Bopt /2

7 =g | S

] EE

where 17 1s defined ag the Mlift-dreg efficiency factor.” By substitu-
ticn from equation (C24), the ratio of {L/D)pmax to the optimum value can
then be expressed in terms of (Cp?S/CpA) as follows:

tag\1/3 CptS\W/6
- B2 ED -

The dependence of 7 on Cp'S/CpA is shown in figure 1h. - It should
be noted, however, that for small values of 7 the asswmption of slender.
cones will be violated, although the results as shown will be gqualitatively

correct in that Cp*S/CpA will become exceedingly smsIl for low values
of {L/D)max regardless of body shape.

e e o "
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APPENDIX D

COMPUTATION OF EEATTNG ASSOCIATED WITH ROCKET VEHICLES

Radjation of Heat From Glide Vehicles

From equation (72), the maximum time rate of total heat input to
the glide vehicie can be expressed as

@ = G%! - 3\2?50) GO -

The rate of heat radiation from the vehicle can be expressed by the fol-
lowing standard relaticn '

) : dHg
. : S vl f U] _ (p2)

Using equations (D1) and (D2), the requirement for continuous rsdis-
tion of 8ll ccunvective heat input to a surface at a temperature R

(1540° F) can be expressed as

mg Cp!S .
——F
(/) CpA <1l.20 {83}

If a value of (L/D)ma% = 6 is assumed, values of the parzmeter Cp!S/CpA

and cone angle, 3, can be determined as a function of actual (L/D)gax
from the analysis given in Appendix C. A vehicle weight of 5099 pounds
with a meximua diameter of 3 feet is assumed whereby equation (D3) can
be evaluated for various {L/D) giving the results in the following table:

5, s mg CF'S
L/D 4 A 2 —
/D | Cr*5/Cp deg | sq ft s{1/p) CpA
6 ]0.333 2.75 | 147 1.8
4 L0670 6.73] 60.2 1.24
2 L0070 {1k.3 28.6 .619
1| 0000 |29.6 | 14.3 T .312
/2l .0o2115 155.8 8.5 .135

e Nt b . e ——
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We see, therefore, tket at surface temperatures of 2000° R and for an
L/D of k, this glide-type vehicle can radlate lsst at a rate equal to or
greater than the maxizum convective heat rate.

Ré.diative and Convective Heat Transfe— Associated
with Skip Vehicle

In this section the problem 1s to determine tte extent to which
heat sbsorbed by a skip vehicle in the first skizping phase, can be
reradiated during the subsequent ballistic phase. The guantity of heat
ebsorbed in the first skirping phase has already heen obtained in the
_heating analysis, (eq. (59) for n = 1)

Q1 1 fF_'Aﬁ ( Lﬁg) (o1)
% n7f2 cD

vhere the total heat absorbed throughout the entire trajectory is

_Qp  _1C'S

= ' {p5)
!2'— mez 2 CpA ’

In order to determine the heat radiated ,' three g@tities must be
determined:

i. Texperature of the vehicle at the start of the second ballistic
phase

2. fTemperature of the vehicle at the end o the second ballistic

phase
3. The time duraticn of the second ballistfir phase

To determine the First of the above quantitiss, we employ the rela-
tlon for heat absorbed

Qs = cHAT (p6)

where ¢ is the gucellfs heat of thr':m?'tcr;al', ¥, 5 the effective -
weicht of smstertial abscrbicg heat, and 2T is the ceecerature rise during
the first skip. If it is a>sumed taat i3 of the mssila weight will

s s ot i S—— o

Dt i = o Smate
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absorb heat, equation (DE) becomes T )

3@ o

vhere m is the total mass of the vehicle. It is essumed that the
material has a specific heat of 0.1l Btu/ib °R. If it is also assumed

that the temperature at the start of the first skip is 500° R, equa-
tion (D7} becomes’ :

Tex, = 500 + 1.mo'3(%) (8)

which defines the temperature at the beginning of the second ballistic
phase,

To find the temperature at the end of the second ballistic phase,
we equate the radiant heat-transfer rate from thke body to the rate of
heat loss in terms of the temperature drop of the body

-KT*S dt = cWedT (D9)
This expression can be integrated between limits from beginning to end .
of the second ballistiec phase to yileld
s 1
Teny = I (D10}
(7.95x10719) St + ~——g-
T312

for a vehicle weight of 5000 pounds (effective absorbing weight of 1667
pounds) where Tepn, 1is the temperature at the ercd of the second ballistic
phase and t is tﬁe total time of the second vallistic phase. The total

heat los* by radiation can now be expressed in terms of the temperature
drop as :

QR = (Tt_:xg "Tena)"fec

or

@, = 1.51x10%(Tex, ~ Ten,) {p11)

o R —— = e —
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The time of flight in any ballistic trajectory can be shown to be
(1 ¢>a/a ,
- cos 3
. 1
t=—2vr0\ . ta.neg-x—-—-ﬁ'-—zte.n"l l+ )
s i -
(1 ) 1-% (p12)
where
tan 6
1= ry ra
sin 35 + tan Opcos 3
I
]
!
® _ tan-1 sin Bpcos 8y |
2 -3 1
v.-?-z - cﬁ&%f M
4

The foregoing relations were applied to a computation ¢f the radla-
tive cooling of & missile welghing 5000 pounds and traversiog & total

“range of 3440 nautiesl miles (® = 1.0). -Valmes of Op vwere obtained in

the motion analysis, whereas values of Cp'S:CpA and 8 obtained in the
previous calculation with regerd to the gliéae missile will apply to this
case also. The computations are summarized fn the follcowing teble., Hote

thaz tl)ze case of I/D = 1/2 4s esszntially “he ballistic vehicle {see
fig. Q).

-l 8 —
/o o520 | ¥e® |awaao~s|esser b2 [TE2e” ngz’ QRZXIO"J %o/
12,5(0.275) 3115 |0.135{213 jo716 {zkoo | 1725 {0.55h
17.0] .315] 1470 | .258{335 [15k2 {1323 316 -211
2k.0{ .525| 5ko | 5751395 | @85 | 835 27 | .0
3
(s

27.5( 620 122 | .853jek7 | 587 | 585 .023
2[30.0] .650 19 | .985) B0.4| 51& | 51k o

e N AV IR 03}

1;

W< see, therefore, that the quentity of teat which rust be absorbed
v =kis skip vehicle decreases rapidly with zecreasiryz lift—drag ratio.
Th= guantity of heat which must bte absortel g a kajliistic wvehicle
(1/= = 1/2) 1s almost negligible compared. with the guantities assoclated
with venicles with an D = 2 or greater., <“otparissn of tke heat absorbed
in the rirst skipping phase with the heat rpdAfated 1o the ceccnd ballistic
vhase indicates no appreciable advenluage is c>tainel due t. rcdiation for

e . R
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values of L/D = 2 and lower. To be sure, this situm=ion could be sub-
stantially altered {near L/D = 2) by allcving the s——Tace temperatures
to reach higher velues during the skip; however, it seers most unlikely
that the net Lest absorbed by tke skip vehiele could srver be reduced to

the low value of the ballistic vehicle for any reasor=>le surface tem~
perature.
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APPENDIX E

DETERMINATION OF THE R2TIO OF {L/D)pax FOR

A FLAT PLATE TO (L,D)ga, FOR A CONE

In Appendix C the expression for the optimum (L/D)pax for a slender

cone was developed with the assumpzicn of large Mach numbers ani a2 constant

value of Cp'. A simple analysis will mow be presented whersby it is
shown that equation (C19) will apply, for the most part, throughout the
Mach nurber range and for & varishle Cyp'. Inasmuch as the 1ift coef-
ficlent (eq. [£1}} is esséntially fod=pendent of Mach number szl cone
engle, modification of the results cbtained in Appendix C (eq. (C19))
will occur oniy tarcugh the evaluzticn of the zero-lifi drag ccefficient

(eq. (C6)).

The veriation with Mach number of the zero-lift pressurc-drag coef-
ficient, (Cpo)p, can be represented &s

(cDO)P = 27{K)sir®s (z1)

while Cp' is assumed to vary with ccne angle in the following manner

: 8
CFt = Cp',_ B (z2)

vhere m is ehosen' to give the reguired variation of Cp! with 8. By

an analycis paraileiing thet preseatei EIn Appendix C, it can be ghown
that the optirme value of the lift-Crzg ratio assumes the following form

(- m)J./a
34 (1 -uf3)

(%>ma.-x ) E%E ( c:’ 1 [e( 1/° (£3)

Now the values of f£(M) should nat d:"Ter greatly from 1 while values of
m should not diffcr greatly fraz= 3. It follows then that values of
(L/D) gp, Obtainad from equation {(E3) wfll not differ appreciably from Lhos=
those obtaipel from equation (¢17}. Puarthermore, the coefficient Cpf
will not 4ifPf-r appraciably frcxz O Jor the slender shapes and swal-
sngles of atisck under concidertizn. Eguation (B3) then reduc-s to
tre form
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whirh corresponds to equation {Cl9) and is alsc a suitable approximetion
for a11 supersonic Mach numbers, .

For a flat plate in supersonie flmr, tre 1ift and drag coefficients
can be expressed as

(E5)

Cp = Cp, + afy, (E6)

vhick follows easily from the equation for pressure coefficient given by
Ivey and Cline {ref. 13). By noting that

the 1ift-Grag ratio can be written from equations (ES) and (E6) as

e Y R

L _
D cp+ 2%+ a®

(ET)

where

A= —t
M -1

Eguation {ET)} is found to nave the following raximum value

(ﬁ>max o= - & _20A (E-8)

2(7\ +al(AA+ o) (2N + o)

whih ‘ocesxs at values :f the independent variebies given by the maximum
copdiivion .

A = e v e % o or - -~ -
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cr = az[ax + 2(7\“‘_2!_ a‘)] | (B9}

FProm equations (EW), (EF), end (E9), and recalling that A = o2 - 1)712
the ratio of (L/D)pey Zcr & flat plate to (L/D) gax for a cone can be
determined as a function of Mach number and Cp. The variation of this
ratio with Mach number for given values of CF has been prcsented In
figure 11, where it wes found convenient to use the inverse Mach number 2s
the abscisse in order to iIllustrate conveniently the behavior at hyper-
sonic speeds.
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By Alfred J. Eggers, Jr., H. Julian Allem,

and Stanford E. Nelce
October 1957

Page 13, equations (26):

The second end third equations should read:

1 _4(v - 6)

- — T s—

Page 13, equatioas (27):

Tke first cf <he equations should read:

r2
La—mvz;‘iB+mg-£Y—
és To

Page 13, equaticn (28) should read:

2 2
L Eo) (RO ) ¥
' 2Dds ds To

Page 1k, line 5 chould read:

"It follows from eguation (31) tkat velocity. . -~
Page 37, Appendix B, paragrarh £ should read:

From eguztions (15), (30), ard (31) the altitude I amy point In. -
Page 33, Arpendix B, paragraph 1 should sturt:

"aith the aid of equaidions (3C) and (33), equati~a (Bh) car be rmodl-
fied ¢ the Pollowing form '

LA 7/ 3 "N S {B5)"
& - -‘;-.;rc]
u(L,D)e

1]
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